The constitutive androstane receptor (CAR) and peroxisome proliferator-activated receptor gamma coactivator-1␣ (PGC1␣) are master regulators of drug metabolism and gluconeogenesis, respectively. In supporting the cross talk between drug metabolism and energy metabolism, activation of CAR has been shown to suppress hepatic gluconeogenesis and ameliorate hyperglycemia in vivo, but the underlying molecular mechanism remains elusive. In this study, we demonstrated that CAR suppressed hepatic gluconeogenic gene expression through posttranslational regulation of the subcellular localization and degradation of PGC1␣. Activated CAR translocated into the nucleus and served as an adaptor protein to recruit PGC1␣ to the Cullin1 E3 ligase complex for ubiquitination. The interaction between CAR and PGC1␣ also led to their sequestration within the promyelocytic leukemia protein-nuclear bodies, where PGC1␣ and CAR subsequently underwent proteasomal degradation. Taken together, our findings revealed an unexpected function of CAR in recruiting an E3 ligase and targeting the gluconeogenic activity of PGC1␣. Both drug metabolism and gluconeogenesis are energy-demanding processes. The negative regulation of PGC1␣ by CAR may represent a cellular adaptive mechanism to accommodate energy-restricted conditions. (Molecular Endocrinology 29: 1558 -1570, 2015)
C
AR was initially recognized as a xenobiotic receptor that senses foreign chemicals and transcriptionally regulates the expression of drug metabolizing enzymes and transporters in the liver (1) . More recent studies suggested that constitutive androstane receptor (CAR) can also restore glucose homeostasis under diabetic conditions. We and others showed that activation of CAR suppressed hepatic gluconeogenic gene expression and glucose production, and ameliorated hyperglycemia in genetic (ob/ob) and diet-induced obese mice (2, 3) , as well as in a mouse model of gestational diabetes (4) . A potential metabolic benefit of CAR activation in human glucose metabolism has been suggested by several clinical reports showing that administration of phenobarbital, a prototypical CAR activator, decreased plasma glucose levels and improved insulin sensitivity in diabetic patients (5) (6) (7) .
Although the role of CAR in the cross talk between xenobiotic metabolism and glucose homeostasis has been recognized, few studies have probed into the underlying molecular mechanisms. It has been suggested that CAR may prevent the recruitment of the forkhead box protein O1 (FoxO1) to the gluconeogenic gene promoters (8) . CAR may also interfere with the hepatocyte nuclear factor 4␣ (HNF4␣)-mediated gluconeogenesis by competing for the direct repeat spaced by one nucleotide (DR1) type binding motif and its coactivators (9) . However, due to the limited evidence and mostly in vitro nature of the aforementioned studies, the molecular pathway that un-derlies the CAR-mediated suppression of gluconeogenesis in physiological context remained to be characterized.
PPAR␥ coactivator-1␣ (PGC1␣) is an inducible transcriptional coactivator that plays an essential role in regulating energy metabolism. During fasting, glucagon and cAMP induce the hepatic expression of PGC1␣ by activating the transcription factor cAMP-response elementbinding protein, which in turn induces the expression of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase), 2 rate-limiting gluconeogenic enzymes, by coactivating transcriptional factors such as HNF4␣ and glucocorticoid receptor (10) . The hepatic expression of PGC1␣ is robustly elevated in obese mice to a level comparable with the fasting state, contributing to the hyperglycemia and obesity-related prediabetic symptoms (11) .
The promyelocytic leukemia protein-nuclear bodies (PML-NBs) are macromolecular nuclear structures distributed in discrete nuclear foci. Dynamic orchestrations of PML-NBs constantly sequestrate and release transcriptional factors/coactivators and mediate their posttranslational modifications in response to cellular stresses (12) . PML-NBs have been implicated in the regulation of diverse cellular functions, including the induction of apoptosis and cellular senescence, inhibition of proliferation, maintenance of genomic stability and antiviral responses. Recent evidence suggests that PML also participates in glucose and lipid metabolism. PML regulates fatty acid oxidation, which is essential for hematopoietic stem cells maintenance and cancer cell survival (13, 14) . PML ablation in mice leads to accelerated fatty acid metabolism, abnormal glucose metabolism, and insulin resistance (15) .
In the present work, we discovered a posttranslational mechanism by which CAR suppresses the gluconeogenic activity of PGC1␣. Upon ligand activation, CAR translocates from cytoplasm into the nucleus where it recruits PGC1␣ to the Cullin1 E3 ligase complex for ubiquitination. The interaction between CAR and PGC1␣ also triggers the sequestration of both proteins into PML-NBs, which is required for the degradation of PGC1␣ and suppression of gluconeogenesis both in vitro and in vivo. Interestingly, CAR can inhibit the gluconeogenic activity of PGC1␣ independent of its traditional transcriptional activity.
Materials and Methods

Animals
C57BL/6j mice were purchased from The Jackson Laboratory. Pml Ϫ/Ϫ mice (16) were purchased from the National Cancer Institute Mouse Repository. CAR Ϫ/Ϫ mice were previously described (17) . For the fasting-refeeding experiment, mice were subjected to overnight fasting (16 h), followed by 12 hours of refeeding before killing. For high-fat diet (HFD) feeding, mice were fed with HFD (TD.06414) from Harlan. When necessary, mice were ip injected with 1,4-Bis-[2-(3,5 dichloropyridyloxy)] benzene (TCPOBOP) in Dimethyl sulfoxide (DMSO) (0.25 mg/ kg) once per week. The ip glucose tolerance test (IPGTT) was performed after overnight fasting. The mice were ip injected with 2 g/kg glucose, and blood glucose levels were measured at the time points of 0, 15, 30, 60, 90, and 120 minutes. All mice were housed in a pathogen-free animal facility under a standard 12-hour light, 12-hour dark cycle with free access to food and water. The use of mice in this study complied with all relevant federal guidelines and institutional policies.
Plasmids, cell transfection, and reporter assay pCMV-HA-CAR (WT, D8, D30, coactivator-binding mutant [CBM] , CC/AA, and L346F), pCMV-Flag-PGC1␣, pCMV-PPAR␣,pCMV-HA-PPAR␥,pCMV-FXR,pCMV-LXR,pCMV-HNF4␣, pCMV-HA/Flag-Cullin1 (WT, N terminus of Cullin1 [Cul1NT], CullNT_Mut), pCMV-HA/Flag-Skp1 (WT, Mut), pCMV-Flag-Rbx1, Gal4-PGC1␣ (1-400), and pCMV-PML/ Myc-PML were cloned using standard molecular cloning techniques. pcDNA-Flag-PGC1␣ (plasmid 1026) (18), Gal4-PGC1␣ (plasmid 8892) (19) , and pcDNA3-DN-CUL1-FLAG (plasmid 15818) (20) were purchased from Addgene. The G6Pase-luciferase reporter plasmid (21) was a gift from Dr Richard M. O'Brien (Department of Molecular Physiology and Biophysics, Vanderbilt University Medical School). pcDNA-CAR (CC/AA) (9) was a gift from Dr Jongsook Kim Kemper (Department of Molecular and Integrative Physiology, University of Illinois at Urbana-Champaign). HEK293T, HepG2, and Hepa1-6 cells were obtained from ATCC. Transient transfections were performed with the TransIT-LT1 Transfection Reagent (Mirus). Cells were harvested and measured for luciferase and ␤-galactosidase (␤-gal) activities 24 hours after transfection. Transfection efficiency was normalized against ␤-gal activity derived from the cotransfected pCMX-␤-gal plasmid.
Adenovirus, lentivirus, and stable cell line
Flag-tagged mouse CAR adenovirus (Ad-Flag-CAR) was generated by using the AdEasy Adenoviral Vector System from Life Technologies. HA-tagged PGC1␣ adenovirus (Ad-HA-PGC1␣) was made using shuttle vector pAd-Track HA-PGC1␣ (plasmid 14427) (22) from Addgene. Ad-PGC1␣ RNAi (23) and scrambled RNA interference (RNAi) adenoviruses were gifts from Dr Marc R. Montminy (Salk Institute, La Jolla, CA). The sequences for scrambled RNAi and PGC1␣ RNAi are 5Ј-GG-CATTACAGTATCGATCAGA-3Ј and 5Ј-GGTGGATTGAA-GTGGTGTAGA-3Ј, respectively. Mouse PML RNAi lentivirus was generated using pLKO.1-mPML RNAi vector from Open Biosystems. pLKO.1-nonspecific RNAi vector, packaging vector psPAX2 and envelope vector pMD2.G were from Addgene. PML RNAi knockdown Hepa1-6 cells were selected by puromycin (5-10 g/mL) for 2 weeks after the lentiviral infection.
Western blotting and coimmunoprecipitation (coIP)
For Western blot analysis, cells were lysed in ice-cold radioimmunoprecipitation assay buffer containing a protease inhib- 
Chromatin immunoprecipitation (ChIP) assay
Primary mouse hepatocytes were infected with Ad-HA-PGC1␣ and/or Ad-Flag-CAR (Multiplicity of infection ϭ 5) for 48 hours and fixed in 1% formaldehyde for 15 minutes in room temperature. Nuclear extracts were sonicated and aliquot of sheared chromatin (equivalent of 2 ϫ 10 5 cells) was immunoprecipitated with anti-HA, anti-HNF4␣, or normal rabbit IgG. Immunoprecipitated chromatin was decross-linked, ethanol precipitated, and quantified by quantitative real-time PCR. Recoveries were calculated as the percentage of input. For the mG6Pase promoter, we used the next primers: mG6Pase_-300 bp_F, 5Ј-GCTGTTTTTGTGTGCCTGTT-3Ј and mG6Pase_ -300 bp_R, 5Ј-TGCTATCAGTCTGTGCCTTG-3Ј; and mG6Pase _ -3000 bp_F, 5Ј-CAGTGCTCCCAGAGTTCCTC-3Ј and mG6-Pase_-3000 bp_R, 5Ј-TGAGGAGCAGGGCTGTCTGT-3Ј. For the mPepck promoter, we used the next primers: mPepck_-300 bp_F, 5Ј-GGCCTCCCAACATTCATTAAC-3Ј and mPepck_-300 bp_R, 5Ј-CGCCCTCCTTGCTTTAAATA-3Ј; and mPepck_-3000 bp_F, 5Ј-TCCAGCATACACAGAGGATCA-3Ј and mPepck_-3000 bp_R, 5Ј-TGCAGTCCAGCTAATGCAAC-3Ј.
In vitro ubiquitination assay
The in vitro ubiquitination assay was performed based on a previously described protocol (24) . The CAR associated E3 complex was purified from the 293T cells transfected with HAFlag-CAR and HA-Cullin1/Skp1/Rbx1 with the anti-Flag M2 affinity gel from Sigma (St Louis, MO). The recombinant Flag-PGC1 was purified from the 293T cells transfected with Flag-PGC1 with the anti-Flag M2 affinity gel. For the in vitro ubiquitination reaction, the purified E3 complex and PGC1 were incubated in the presence of ATP, ubiquitin, and E1/E2 (UbcH5a and UbcH3) from a Ubiquitination Assay kit from Enzo Life Sciences. The reactions were terminated by adding Western blotting loading buffer, and the products were resolved on SDS-PAGE.
Mouse primary hepatocyte isolation and culture
Mouse primary hepatocytes were isolated from 8-to 12-week-old male wild type (WT), CAR Ϫ/Ϫ , or Pml Ϫ/Ϫ mice. Briefly, the liver was first perfused with Hanks' buffered salt solution containing 0.5mM EGTA, 0.1M HEPES at 5 mL/min for 5-10 minutes and then perfused with L-15 medium containing 1.8mM CaCl 2 , 0.1M HEPES, 20-g/mL liberase TM (Roche). After perfusion, the dissociated hepatocytes were filtered through 50-m pore mesh and collected by centrifugation at 400 rpm for 4 minutes at 4°C. Hepatocytes were seeded onto type 1 collagen-coated dishes or slides in William E medium containing 5% fetal bovine serum, 1M dexamethasone, and 100nM insulin. The hepatocytes were maintained with medium (HepatoZYME-SFM supplemented with 100nM dexamethasone, 100nM insulin, and 0.2% BSA) the next day. For forskolin (FSK) treatment, primary hepatocytes were changed to maintenance medium without hormones for 6 hours before treating with FSK (10M) and/or TCPOBOP (500nM) for mRNA analysis, or in 1-mL gluconeogenic medium (glucose-free DMEM, 20mM sodium lactate, 2mM sodium pyruvate, and 0.5% BSA) for hepatic glucose production assay. Medium glucose concentration was measured using a glucose oxidase assay kit (GAGO20-1KT) from Sigma (St Louis, MO).
Immunofluorescence and confocal microscopy
Primary mouse hepatocytes or cell lines were grown on slides and treated when necessary. Cells were fixed in 4% paraformaldehyde for 15 minutes in room temperature followed by blocking with PBS containing 5% donkey serum and 0.3% Triton X-100 for 30 minutes. Slides were incubated in diluted primary antibody overnight at 4°C followed by incubation with fluorochrome-conjugated secondary antibody for 2 hours at room temperature in the dark. Slides were mounted and scanned using confocal microscopy to obtain images.
Quantitative real-time PCR
Total RNA was isolated using the TRIzol reagent from Invitrogen. Reverse transcription was performed with random hexamer primers and Superscript RT III enzyme from Invitrogen. SYBR Green-based real-time PCR was performed with the ABI 7300 Real-Time PCR System. Data were normalized against internal control cyclophillin.
Statistical analysis
All results were presented as mean Ϯ SD. Statistical significance between groups was determined using an unpaired 2-tailed Student's t test, with P Ͻ .05 considered statistically significantly.
Results
CAR suppresses gluconeogenic gene expression through inhibiting the PGC1␣ activity
Activation of CAR has been shown to suppress hepatic gluconeogenesis and ameliorate hyperglycemia in animal models and human patients (2, 3, 5-7). In searching for the mechanism by which CAR inhibits gluconeogenesis, we noticed the inhibitory effect of the CAR agonist TCPOBOP on hepatic gluconeogenic gene expression was most dramatic in HFD-fed mice (Supplemental Figure 1) , suggesting that CAR might have targeted a HFDinducible factor in the liver. One such candidate factor is PGC1␣, whose expression is markedly elevated in diabetic conditions (Supplemental Figure 1) (11, 25) . To directly evaluate the effect of CAR on PGC1␣ activity, we found that CAR efficiently suppressed the PGC1␣-responsive activation of the G6Pase-luciferase reporter gene ( Figure 1A ). The inhibition was obvious in the absence of an exogenously added ligand, and was enhanced by the addition of TCPOBOP. In primary mouse hepatocytes, FSK treatment increased the expression of G6Pase and Pepck mainly via the cAMP-response element-binding protein-mediated induction of PGC1␣ (10) . We showed that treatment with TCPOBOP suppressed the FSK-responsive induction of G6Pase and Pepck without affecting the expression of PGC1␣ ( Figure 1B , left panel), and this effect was abolished in hepatocytes isolated from the CAR Ϫ/Ϫ mice ( Figure 1B , right panel). The inhibition of FSK-responsive induction of G6Pase and PEPCK was also observed in primary human hepatocytes treated
oxime, a human CAR-specific agonist ( Figure 1C ). The inhibitory effect of TCPOBOP was PGC1␣ dependent, because the inhibition of both the gluconeogenic gene expression ( Figure  1D ) and glucose production ( Figure 1E ) was attenuated by PGC1␣ knockdown. The efficiency of PGC1␣ RNAi knockdown was validated by real-time PCR (Supplemental Figure 2A ). To directly test whether CAR activation inhibited PGC1␣, we overexpressed PGC1␣ in primary mouse hepatocytes using adenovirus. Overexpression of PGC1␣ was sufficient to induce the expression of G6Pase and Pepck as expected, which was attenuated in cells coinfected with the CAR expressing adenovirus and treated with TCPOBOP ( Figure 1F ). The adenoviral overexpression of PGC1␣ was validated by real-time PCR (Supplemental Figure 2B) . At the functional level, CAR activation inhibited PGC1␣-induced glucose production in primary mouse hepatocytes ( Figure 1G ). In the loss-offunction model, we showed the chow diet-fed CAR Ϫ/Ϫ mice had elevated basal expression and compromised Mouse primary hepatocytes were pretreated with TC (500nM) overnight in the maintenance medium. Glucose production was measured after incubation with FSK (10M) with or without TC (500nM) in the glucose-free medium for 4 hours. F and G, Primary hepatocytes from CAR null mice were infected with Ad-GFP, Ad-CAR, or Ad-PGC1␣ and treated with or without TC (500nM) for 12 hours before measuring the mRNA expression of G6Pase and Pepck (F) and glucose production (G). H, Hepatic expression of G6Pase and Pepck in fed, overnight fasted (16 h), and refed (12 h) WT and CAR null mice. n ϭ 5 for each group. I, Expression of CAR and PGC1␣ in mouse liver during the fasting-refed transition (left panel, n ϭ 4 for each group) and upon a 12-week HFD feeding (right panel, n ϭ 5 for each group). *, P Ͻ .05; **, P Ͻ .01.
doi: 10.1210/me.2015-1145 press.endocrine.org/journal/mendfasting-responsive induction of G6Pase and Pepck ( Figure  1H ). In addition, the hepatic expression of CAR fluctuated in response to fasting, refeeding and HFD feeding, mirroring the pattern of PGC1␣ ( Figure 1I ), suggesting that CAR may be coregulated with PGC1␣ and suppresses its activity to fine-tune hepatic glucose homeostasis.
CAR reduces the recruitment of PGC1␣ to the gluconeogenic gene promoters and causes redistribution of PGC1␣ to PML-NBs
We then used ChIP assay to determine whether CAR activation reduced the recruitment of PGC1␣ to the promoters of gluconeogenic genes. Indeed, treatment of primary mouse hepatocytes with TCPOBOP suppressed the recruitment of PGC1␣ to the proximal promoter regions of G6Pase (Ϫ250 bp) and Pepck (Ϫ300 bp) genes that harbor the HNF4␣ and FoxO1 binding sites (21) without affecting the nonspecific binding of PGC1␣ to the distal promoter regions (Figure 2A ). The inhibition appeared to be PGC1␣ specific, because the recruitment of HNF4␣ to the G6Pase and Pepck gene promoters was not affected in the same cells ( Figure 2B) . A direct interaction between CAR and PGC1␣ had been reported (26, 27) , which was verified by our coIP experiment (Supplemental Figure 3) . However, a simple "coactivator quenching" model in which CAR competes with other transcriptional factors for the binding of PGC1␣ was unlikely the underlying mechanism, because among a panel of nuclear receptors known to interact with and coactivated by PGC1␣, only CAR showed inhibition of the PGC1␣ activity (Supplemental Figure 4) . Instead, we found CAR activation induced a dramatic redistribution of nuclear PGC1␣. Treatment of primary mouse hepatocytes with TCPOBOP triggered the translocation of CAR from cytoplasm to nucleus to concentrate at the spot-like subnuclear loci, which turned out to be PML-NBs, a multiprotein sub- Figure 2 . CAR reduces the recruitment of PGC1␣ to the gluconeogenic gene promoters and causes redistribution of PGC1␣ to PML-NBs. A and B, Mouse primary hepatocytes were infected with Ad-HA-PGC1␣ and/or Ad-CAR for 48 hours, in the absence or presence of TCPOBOP (TC) (500nM). PGC1␣ (A) and HNF4␣ (B) ChIPs were facilitated by using anti-HA and anti-HNF4␣ antibodies, respectively (**, P Ͻ .01; N.S., not significant). C and D, Mouse primary hepatocytes were infected with Ad-PGC1␣ and/or Ad-CAR for 48 hours, in the absence or presence of TC (500nM) before immunofluorescent detection of CAR and PGC1␣ (C) or PML and PGC1␣ (D). E, 293T cells were cotransfected with Myc-PML, Flag-PGC1␣, and HA-CAR before subjecting to immunoprecipitation and immunoblotting as indicated.
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nuclear structures, as confirmed by their colocalization with the PML protein (12) (Figure 2, C and D) . A similar pattern of CAR-responsive redistribution of PGC1␣ and CAR to the PML-NBs was observed in the human hepatoma HepG2 cells cotransfected with CAR and PGC1␣ (Supplemental Figure 5) . The interaction between CAR and PGC1␣ was required for their targeting to the PMLNBs, because transfection of CAR or PGC1␣ alone resulted in an even distribution of both proteins in the nucleus (Supplemental Figure 5) . PML is the essential component of the PML-NBs, in which PML multimerizes to function as a critical scaffold for the assembly of the entire complex (28) . We then hypothesized that redistribution of CAR and PGC1␣ may have been mediated through the interaction between the CAR-PGC1␣ complex and PML. Indeed, coIP assay showed that transfection of PGC1␣ or CAR alone in 293T cells resulted in little interaction with PML, whereas coexpression of both proteins significantly enhanced their association with PML ( Figure 2E ), which was consistent with the immunofluorescence results (Supplemental Figure 5) . These results suggested that the formation of CAR-PGC1␣ complex was a prerequisite for their interaction with PML.
CAR promotes ubiquitination-proteasomal degradation of PGC1␣, which is required for gluconeogenic suppression We noticed that treatment with TCPOBOP dramatically reduced the protein level of both CAR and PGC1␣ ( Figure 2E ), suggesting a ligand-dependent degradation of the CAR-PGC1␣ complex upon their redistribution to the PML-NBs. Indeed, interaction of the CAR-PGC1␣ complex to PML was associated with increased ubiquitination of both CAR and PGC1␣, and their degradation was triggered by TCPOBOP ( Figure 3A) . In vivo treatment of HFD-fed mice with TCPOBOP significantly reduced the protein level of PGC1␣, CAR, and PML in the liver ( Figure 3B ). Treatment of cells with the proteasome Figure 3 . CAR promotes ubiquitination-proteasomal degradation of PGC1␣, which is required for gluconeogenic suppression. A, The same samples as in Figure 2E were used to detect the polyubiquitination of PGC1␣, CAR, and PML with a ubiquitin antibody. B, Mice fed with HFD were treated with TCPOBOP (0.2 mg/kg, once per week) or vehicle for 12 weeks. Total liver lysates were analyzed by immunoblotting for the detection of endogenous PGC1␣, CAR, and PML (n ϭ 4 for each group). The protein expression level was quantified by densitometry (*, P Ͻ .05). C, 293T cells were cotransfected with Myc-PML, Flag-PGC1␣, and HA-CAR and treated with TC (500nM) or MG132 (10M) before subjecting to Western blotting. Proteins in both the soluble and insoluble fractions were analyzed. D and E, 293T cells were cotransfected with Flag-PGC1␣, HA-tagged WT CAR, or CAR CBM mutant, followed by immunoprecipitation and immunoblotting to evaluate their interaction (D), and their polyubiquitination was detected by immunoblotting with an ubiquitin antibody (E). "Nonspecific" in D denotes the nonspecific band detected by the PGC1 antibody, which was used as a loading control. F, 293T cells were cotransfected with Flag-PGC1␣, HA-tagged WT CAR, or CAR CBM mutant and treated with or without TC (500nM). The expression of PGC1␣ and CAR was measured by Western blotting. Nonspecific, nonspecific band detected by the PGC1 antibody, which was used as a loading control. G, The suppressive effects of WT CAR or CAR CBM mutant on PGC1␣ activity were evaluated by G6Pase luciferase reporter assay in 293T cells. press.endocrine.org/journal/mendinhibitor MG132 inhibited the degradation of both PGC1␣ and CAR, with PGC1␣ enriched in the insoluble pellet fraction ( Figure 3C ). These results were consistent with the notion that PGC1␣ has a tendency to form insoluble protein aggregates when poly-ubiquitinated (29) . The effect of proteasome inhibitor suggested the degradation of CAR and PGC1␣ was achieved through the ubiquitination-proteasome pathway. Because the formation of CAR-PGC1␣ complex was the prerequisite for their interaction with PML and subsequent degradation, we reasoned the binding between CAR and PGC1␣ was necessary and sufficient to trigger the cascade. Indeed, mutation of CAR at the 2 conserved amino acid residues within H12/AF2 (E355A) and H3 (K187A) (CBM) that constitute the hydrophobic cleft for the binding of coregulators (30) disrupted the interaction between CAR and PGC1␣ ( Figure 3D ), which in turn abolished the CARinduced ubiquitination and degradation of PGC1␣ (Figure 3 , E and F). At the functional level, the suppressive effect of CAR on the PGC1␣-responsive activation of the G6Pase-lucifarase reporter gene was nearly abolished by the CBM mutations ( Figure 3G ).
PML-NBs are required for CAR to induce PGC1␣ degradation and suppress gluconeogenic gene expression
The association between redistribution of CAR and PGC1␣ to the PML-NBs and their degradation prompted us to determine whether PML-NBs were required for CAR-induced PGC1␣ degradation and inhibition of gluconeogenesis. In Hepa1-6 cells stably expressing PML shRNA, the formation of PML-NBs was disrupted as expected, and PGC1␣ remained evenly distributed in the nucleus when cotransfected with CAR ( Figure 4A , top panel). The inhibitory effect of CAR on PGC1␣-responsive activation of the G6Pase-lucifarease reporter gene was attenuated in PML knockdown cells ( Figure 4A , bottom panel). In contrast, overexpression of PML facilitated PML-NB formation and targeting of PGC1␣ to PML-NBs ( Figure 4B, top panel) . Interestingly, overexpression of PML had a marginal effect in enhancing CARinduced suppression of PGC1␣ activity ( Figure 4B , bottom panel), likely due to the abundance of the endogenous PML. In primary hepatocytes isolated from the Pml Ϫ/Ϫ mice, CAR activation failed to induce the subnuclear redistribution of PGC1␣ ( Figure 4C ) and inhibition of the FSK-responsive induction of gluconeogenic genes ( Figure 4D ). Moreover, treatment of primary mouse hepatocytes with As 2 O 3 , a PML degrading chemical (31), abolished the TCPOBOP-responsive degradation of PGC1␣ and CAR ( Figure 4E ). In vivo treatment of HFD-fed Pml Ϫ/Ϫ mice with TCPOBOP failed to reduce the protein level of PGC1␣ and CAR ( Figure 4F ) and suppress the gluconeogenic gene expression ( Figure 4G) . Moreover, the benefit of TCPOBOP in improving the performance of the IPGTT in WT mice was abolished in the Pml Ϫ/Ϫ mice ( Figure 4H ). Interestingly, CAR-induced PGC1␣ ubiquitination seemed to be PML independent, because the PGC1␣ ubiquitination was intact in the presence of As 2 O 3 (Supplemental Figure 6) , suggesting that PML-NBs might not be required for the ubiquitination of PGC1␣ but were indispensable for its degradation.
CAR recruits the Cullin1 E3 ligase to promote the ubiquitination of PGC1␣
In understanding the mechanism by which CAR promotes PGC1␣ ubiquitination, we hypothesized that CAR may serve as an adaptor protein to present PGC1␣ to an E3 ligase for ubiquitination and subsequent degradation. Among a panel of E3 ubiquitin ligases, CAR showed ligand-independent interaction with Cullin1 ( Figure 5A ), the major structural scaffold protein of the Skp1-Cullin1-F box protein (SCF) complex (32) . The interaction between CAR and Cullin1 complex was further supported by the coIP of CAR with Rbx1 and Skp1, another 2 core components of the Cullin1 complex ( Figure 5B ). It has been reported that Rbx1 and Cullin1 form a catalytic core complex that recruits a cognate E2 ubiquitin conjugating enzyme, and Skp1 serves as an adaptor to bring the F-box protein together with a specific substrate and Cullin1/Rbx1/E2 in the neighborhood (33) . We showed that CAR interacted with the Cul1NT (Figure 5C ). Interestingly, CAR retained its interaction with the mutant Cul1NT harboring mutations (Y46A/T47A/Y50A) that abolished the binding of Cullin1 to Skp1 ( Figure 5C and Supplemental Figure 7) . Furthermore, CAR interacted with both the WT Skp1 and its Cullin1-binding deficient mutant ( Figure 5D and Supplemental Figure 7 ). Taken together, our results suggested that CAR formed a unique complex with Cullin1, which was mediated through both Cullin1 and Skp1. We also showed that PGC1␣ was coIP with Cullin1 in the presence of CAR in a ligand independent manner ( Figure 5E ), indicating that CAR is an adaptor protein that bridges PGC1␣ and the Cullin1 E3 complex. We then performed in vitro ubiquitination to directly demonstrate that the CAR-recruited E3 complex is capable of catalyzing PGC1␣ ubiquitination. The CARcontaining Cullin1 E3 ligase and PGC1␣ were expressed in cells and purified by immunoprecipitation (Supplemental Figure 8 ). Incubation of purified PGC1␣ with CARcontaining E3 ligase resulted in an increased PGC1␣ polyubiquitination ( Figure 5F ). In vivo ubiquitination assay showed that CAR was able to induce the ubiquitination of PGC1␣, which was largely abolished by the cotransfection of a dominant-negative Cullin1 (DN-Cul1) ( Figure  5G) . At the functional level, cotransfection of DN-Cul1 ( Figure 5H , left panel), or treatment with the Cullin1 inhibitor MLN4924 ( Figure 5H , right panel) (34) largely abolished the inhibition of PGC1␣ activity by CAR in G6Pase luciferase reporter gene assays. These results collectively suggested that CAR functions as an adaptor protein to present PGC1␣ to the Cullin1 E3 complex for ubiquitination ( Figure 5I ).
CAR-mediated inhibition of PGC1␣ requires active AF2 domain but is independent of DNA-binding
Our results suggested that the interaction between CAR and PGC1␣ was sufficient to induce PGC1␣ ubiquitination, but the subsequent PGC1␣ degradation (Figure 3C) and maximum inhibition of PGC1␣ activity required the presence of CAR ligand ( Figure 1A ). To determine whether the ligand-bound conformation of CAR was necessary to trigger PGC1␣ degradation, we generated 2 CAR mutants with the H12/AF2 deletion (D8) and H11-H12 deletion (D30), respectively. Both D8 Figure 4 . PML-NBs are required for CAR to induce PGC1␣ degradation and suppress gluconeogenic gene expression. A, Immunofluorescent detection of PML and PGC1␣ in stable PML-knockdown Hepa1-6 cells generated by infecting cell with lenti-scramble or lenti-shPML and cotransfected with CAR and PGC1␣ (top panel). The effect of PML-knockdown on CAR-responsive inhibition of PGC1␣ activity was measured by the G6Pase luciferase reporter gene assay (bottom panel). B, Immunofluorescent detection of PML and PGC1␣ in Hepa1-6 cells cotransfected with CAR, PGC1␣, and PML or empty vector (top panel). The effect of PML overexpression on CAR-responsive inhibition of PGC1␣ activity was measured by the G6Pase luciferase reporter gene assay (bottom panel). C, Primary hepatocytes isolated from WT and Pml Ϫ/Ϫ mice were infected with Ad-HA-PGC1␣ and Ad-Flag-CAR and treated with DMSO or TC (500nM) for 48 hours before immunofluorescent detection of PGC1␣ and PML. D, Primary hepatocytes from Pml Ϫ/Ϫ mice were pretreated with TC (500nM) or DMSO for 12 hours before FSK (10M) treatment for 2 hours. Gene expression was measured by real-time PCR. E, 293T cells were cotransfected with Flag-PGC1␣ and HA-CAR and treated with TC (500nM) and A 2 O 3 (10M) as indicated. "Nonspecific" denotes the nonspecific band detected by the PGC1 antibody, which was used as a loading control. F and G, Pml Ϫ/Ϫ mice and their heterozygous littermates were fed with HFD for 4 weeks (n ϭ 4 for each group), followed by treatment with TC (0.25 mg/kg, once per week) or vehicle for additional 2 weeks. Total liver lysates were subjected to immunoblotting for the detection of endogenous PGC1␣ and CAR (left panel). The quantification of the results is shown (right panel) (F). The same mice in were used to measure the expression of Pepck and G6Pase (G). H, Six-week-old WT and Pml Ϫ/Ϫ mice (n ϭ 3-4 for each group) were fed with HFD for 2 weeks before receiving weekly TCPOBOP injections (0.25 mg/kg body weight) for 4 weeks while the HFD feeding continued. IPGTT was performed 2 days after the final dose of TCPOBOP. *, P Ͻ .05; **, P Ͻ .01; n.s., statistically not significant.
press.endocrine.org/journal/mendand D30 mutants retained their ability to interact with PGC1␣ and PML (Supplemental Figure 9A) , to induce the redistribution of PGC1␣ to PML-NBs (Supplemental Figure 9B) , and to trigger PGC1␣ ubiquitination (Supplemental Figure 9C ). However, both mutants failed to induce PGC1␣ and CAR degradation in the presence of TCPOBOP (Figure 6A ), or to suppress PGC1␣-responsive activation of the G6Pase luciferase reporter gene ( Figure   6B ). We also generated the L346F mutant of CAR that was reported to stabilize the AF2 helix in the active conformation and mimic the TCPOBOP-bound receptor (35) . Compared with the WT CAR, transfection of the L346F mutant reduced the basal protein level of the cotransfected PGC1␣, and TCPOBOP had less effect in promoting PGC1␣ and CAR degradation ( Figure 6C ). The proteasome inhibitor lactacystin was able to stabilize the PGC1␣ and CAR pro- teins regardless of the mutation of CAR ( Figure 6C ). These results suggested that the L346F mutation destabilized both CAR and PGC1␣ by enhancing their proteasome-mediated degradation. In the G6Pase luciferase reporter gene assay, the L346F mutant was more efficient than WT CAR in inhibiting PGC1␣ activity, and this inhibition cannot be further enhanced by TCPOBOP ( Figure 6D ). CAR is a DNA-binding transcriptional factor. We then used the CC/AA DNA-binding deficient mutant of CAR (9) to determine whether the transcriptional targets of CAR are required for its inhibition of PGC1␣. The CC/AA mutant failed to transactivate its reporter gene as expected ( Figure  6E ). To our surprise, we found the CC/AA mutant retained its ability to induce the redistribution of PGC1␣ to PMLNBs ( Figure 6F ) and degradation of PGC1␣ ( Figure 6G ), and to suppress the PGC1␣-responsive activation of the G6Pase luciferase reporter gene ( Figure 6H ).
Discussion
As summarized in Figure 7 , our results revealed a novel molecular mechanism by which CAR inhibits gluconeogenesis by posttranslationally antagonizing PGC1␣, a key gluconeogenic transcriptional factor. In this model, after ligand activation, CAR translocates from the cytoplasm into the nucleus to serve as an adaptor protein to present PGC1␣ to the Cullin1 E3 ligase for ubiquitination. The Figure 6 . CAR-mediated inhibition of PGC1␣ requires active AF2 domain but is independent of DNA-binding. A, Cotransfection of PGC1␣ and WT CAR or D8 and D30 in 293T cells with or without TC (500nM) treatment for 24 hours, followed by immunoblotting to detect the protein level of PGC1␣ and CAR. B, The suppressive effect of CAR D8 and D30 on PGC1␣ activity was measured by G6Pase luciferase reporter assay. C, Cotransfection of PGC1␣ and WT CAR or L346F mutant in 293T cells with or without TC treatment (500nM, 24 h), followed by immunoblotting to detect the protein level of PGC1␣ and CAR. "Nonspecific" denotes the nonspecific band detected by the PGC1 antibody, which was used as a loading control. D, The suppressive effect of CAR L346F mutant on PGC1␣ activity was measured by G6Pase luciferase reporter assay. E, The transcriptional activity of WT CAR or CC/AA was measured by using the tk-PBRE reporter assay. PBRE, phenobarbital-response element. F, HepG2 cells were cotransfected with PGC1␣, WT CAR or CC/AA, followed by immunofluorescent detection of PGC1␣, CAR, and the endogenous PML. G, Cotransfection of PGC1␣ and WT CAR or CC/AA in 293T cells with or without TC treatment, followed by immunoblotting to detect PGC1␣ and CAR. H, The suppressive effect of WT CAR or CC/AA on PGC1␣ activity was measured by G6Pase luciferase reporter assay. doi: 10.1210/me. press.endocrine.org/journal/mendinteraction between PML and the CAR-PGC1␣ complex lead to the redistribution of PGC1␣ and CAR to the PMLNBs, where the degradation of PGC1␣ occurs. As a result, CAR activation reduces the recruitment of PGC1␣ to the gluconeogenic gene promoters and suppresses hepatic glucose production. One of our most interesting findings is the recruitment of the Cullin1 E3 ligase complex by CAR. CAR is previously known as a master regulator of xenobiotic metabolism through its transcriptional regulation of drug metabolizing enzymes and transporters. To our knowledge, the recruitment of the Cullin1 E3 ligase complex and subsequent ubiquitination of PGC1␣ is the first example that CAR controls the protein turnover of a gluconeogenic transcriptional factor, which may have accounted for the antidiabetic activity of CAR that we and others have reported (2, 3). The Cullin1 E3 ligase/SCF complex and SCF-like complexes belong to the largest family of E3 ligases whose substrates include a broad range of proteins involved in cell cycle progression, signal transduction, and gene transcription (36) . Cdc4, an F-box component of the SCF complex, has been reported to target PGC1␣ for proteasomal degradation in a phosphorylationdependent manner (37) . In our study, we found no evidence that activation of CAR affected the phosphorylation of PGC1␣. Instead, our data suggested that CAR interacted with the SCF complex in a ligand-independent manner, and served as an adaptor protein to bring PGC1␣ to the SCF complex for ubiquitination. Interestingly, the degradation of PGC1␣ after ubiquitination requires the presence of a CAR agonist, although the transcriptional targets of CAR are not required for the degradation because the DNA binding was dispensable. It is possible that the agonist-occupied conformation of CAR-PGC1␣ is required to recruit additional proteasome activators and trigger the degradation.
PGC1␣ is a transcriptional coactivator expressed in many tissues with high and fluctuating energy demands, such as the liver, skeletal muscle, heart, and brown adipose tissue. PGC1␣ has been established as a master regulator of mitochondrial biogenesis and energy expenditure. As a critical metabolic orchestrator, the activity of PGC1␣ is tightly regulated at both the transcriptional and posttranslational levels. To date, posttranslational modifications such as phosphorylation, methylation, acetylation, and GlcNAcylation on PGC1␣ have been reported to weave a multifaceted and flexible system to regulate its activity (25) . PGC1␣ is a short-lived protein with a quick turnover rate (29) , but little is known about the regulation of PGC1␣ protein stability. p38/MAPK-mediated phosphorylation of PGC1␣ has been reported to increase its stability (38) , whereas glycogen synthase kinase-3␤ accelerates the proteasomal degradation of PGC1␣ in response to oxidative stress (39) . Our results suggested that the regulation of PGC1␣ degradation by CAR was independent of phosphorylation. Instead, CAR modulates PGC1␣ activity by altering its subcellular localization and turnover rate. As the major gluconeogenic transcriptional factor, PGC1␣ has been strongly associated with diabetes. The hepatic PGC1␣ activity is robustly up-regulated in the diabetic animal models and human patients, which may have contributed to increased hepatic glucose production and hyperglycemia (11) . Because the expression of CAR is highly enriched in the liver, suppressing PGC1␣ through CAR activation may provide a novel therapeutic strategy to specifically targeting the hepatic PGC1␣ in diabetic conditions, without interfering with the metabolic benefits of PGC1␣ in extrahepatic tissues, such as the skeletal muscle and heart.
Another interesting finding is the requirement of PML in the CAR-mediated PML-NBs-targeting and degradation of PGC1␣. PML-NBs are macromolecular nuclear structures implicated in the regulation of diverse cellular functions. The current models envision PML-NBs as a glue to recruit and concentrate partners along with many protein-modifying enzymes, and subsequently enhance posttranslational modifications, leading to the activation, sequestration or degradation of proteins (40) . Consistent with this model, our study showed PML-NBs were indispensable for CAR-induced degradation of PGC1␣ and suppression of gluconeogenesis. The Cullin1 E3 ligase/SCF complex, which was responsible for the ubiquitination of PGC1␣, has been reported to reside within the PML-NBs (41). Our results are also consistent with a recent report that PML ablation in mice induced hepatic gluconeogenic genes, leading to glucose intolerance and insulin resistance (15) .
Among the limitations, we are aware that the adenoviral overexpression system used in this study has its limitation in terms of the physiological relevance. In addition to the dynamics of the transfected proteins, we also included data showing that the proposed mechanism is applicable to the endogenous proteins ( Figure 1 , B-E, and Figure 4 , C, D, and F-H). Nevertheless, future studies are necessary to further validate the molecular mechanism in more physiological conditions. In summary, our study revealed a novel molecular mechanism, through which CAR posttranslationally antagonizes PGC1␣. CAR and PGC1␣ are master regulators of drug metabolism and gluconeogenesis, respectively. Drug metabolism/detoxification is an essential cellular function that demands energy. Gluconeogenesis is also an energy-demanding process that requires a large amount of ATP to generate sufficient nicotinamide adenine dinucleotide phosphate, a reducing power also needed for the cytochrome P450 enzymes to eliminate noxious chemicals. The negative regulation of PGC1␣ by CAR may represent a cellular adaptive mechanism to cope with energy deficiency under energy-restricted conditions.
